In previous studies, gram-positive bacteria which grew rapidly with peptides or an amino acid as the sole energy source were isolated from bovine rumina. Three isolates, strains C, FT (T = type strain), and SR, were considered to be ecologically important since they produced up to 20-fold more ammonia than other ammonia-producing ruminal bacteria. On the basis of phenotypic criteria, the taxonomic position of these new isolates was uncertain. In this study, the 16s rRNA sequences of these isolates and related bacteria were determined to establish the phylogenetic positions of the organisms. The sequences of strains C, FT, and SR and reference strains of Peptostreptococcus anaerobius, Clostridium sticklandii, Cbstridium coccoides, Cbstridium aminovalericum, Acetomaculum ruminis, Cbstridium leptum, Cbstridium lituseburense, Cbstridium acidiurici, and Clostridium barkeri were determined by using a modified Sanger dideoxy chain termination method. Strain C, a large coccus purported to belong to the genus Peptostrep#ococcus, was closely related to P. anaerobius, with a level of sequence similarity of 99.670. Strain SR, a heat-resistant, short, rod-shaped organism, was closely related to C. sticklandii, with a level of sequence similarity of 99.%. However, strain FT, a heat-resistant, pleomorphic, rod-shaped organism, was only distantly related to some clostridial species and P. anaerobius. On the basis of the sequence data, it was clear that strain FT warranted designation as a separate species. The closest known relative of strain FT was C. coccoides (level of similarity, only 90.6%). Additional strains that are phenotypically similar to strain FT were isolated in this study. On the basis of phenotypic and phylogenetic differences, we believe that strain FT represents a new species of the genus Cbstridium, for which we propose the name Clostridium aminophilum.
The rumen is one of the best-studied microbial habitats (2, [16] [17] [18] 28) , and for many years it was assumed that the predominant classes of ruminal microorganisms had been isolated (25) . Much of the protein which enters the rumen is fermented, but Bladen et al. (1) noted that most pure cultures of ruminal bacteria were unable to produce ammonia.
Strains of Bacteroides ruminicola , Megasphaera elsdenii, Selenomonas ruminantiurn, Eubacterium ruminantiurn, and
Butyrivibrio jibrisolvens produced some ammonia, but less than 25% of the casein hydrolysate was converted to ammonia even though the incubation period was 96 h. Nonetheless, "on the basis of numbers of strains and amount of ammonia produced," Bladen et al. (1) concluded that "Bacteroides ruminicola is usually the most important ammonia-producing bacterium in the rumen of mature cattle." All of these ammonia-producing bacteria fermented carbohydrate, and the isolation media contained carbohydrates and a low concentration of Trypticase (3).
Later work indicated that strain B,4 of Bacteroides ruminicola, the most active strain examined by Bladen et al. (l) , had a specific activity of ammonia production which was less than the specific activity of mixed cultures of ruminal microorganisms (14, 24) . Interspecies hydrogen transfer and methanogenesis increased the capacity of mixed ruminal bacterial cultures to produce ammonia, but this effect could not explain the low level of activity of the pure cultures (14). Protozoa also produced some ammonia, but their activity * Corresponding author.
was even lower than the activity of the bacteria, particularly when the amino acid source was soluble (15) . The feed additive monensin decreases ammonia production in vitro and in vivo (13, 14) , but the most active ammonia-producing ruminal bacteria were monensin resistant (11, 12) .
On the basis of this previous work, it appeared that very active amino acid-fermenting bacteria had not yet been isolated from the rumen. Enrichment cultures which contained Trypticase as the sole nitrogen source and lactate, dulcitol, pectin, or xylose as an energy source yielded strains of M. elsdenii, S. ruminantiurn, Bacteroides ruminicola, and Butyrivibrio Jibrisolvens, respectively (26) , but none of these bacteria had specific activities of ammonia production which were greater than the specific activities of the bacteria examined by Bladen et al. (1) . When the concentration of Trypticase was increased and other energy sources were omitted, a large gram-positive coccus was isolated (strain C [26] ), and this isolate had a specific activity of ammonia production which was nearly 20-fold greater than that of Bacteroides ruminicola B,4 (24) . Later isolations yielded two more gram-positive bacteria, a pleomorphic rod-shaped organism (strain FT [T = type strain]) and a short rod-shaped organism (strain SR) (7-10, 29), which could not utilize carbohydrates as energy sources for growth. These recently isolated amino acid-fermenting bacteria have not been enumerated extensively, but they were found at significant numbers in the rumen (8, 26) . Their susceptibility to the feed additive monensin is consistent with the "amino acid-sparing" effect of this antibiotic (13).
Strain C belonged to the genus Peptostreptococcus and
was closely related to Peptostreptococcus anaerobius. Strain SR was identified as a strain of Clostridium sticklandii. However, strain FT could not be identified on the basis of conventional taxonomic characteristics and 16s rRNA sequence similarity, and consequently we propose the establishment of a new species for this organism, Clostridium aminophilum .
MATERIALS AND METHODS
Bacterial strains, growth conditions, and assays. The growth conditions and assays used for strain C, P. anaerobius ATCC 27237T, strain FT, and strain SR have been described previously (8).
Additional isolates similar to strain FT. Rumen contents were obtained from ruminally fistulated, nonlactating dairy cows on several different days. The cows were fed 2.5 kg of timothy hay or 2.5 kg of timothy hay plus 2.5 kg of commercial concentrate supplement (16% crude protein) twice daily. The ruminal contents were squeezed through cheesecloth and left undisturbed for 20 min. Once the feed particles were buoyed up by gas production and the protozoa had settled to the bottom of the flask used, mixed ruminal bacteria from the central layer were then transferred to an anaerobic broth containing salts, vitamins, microminerals, cysteine (26) Fatty acids and polyacrylamide gel electrophoresis. Cellular fatty acid analyses and polyacrylamide gel electrophoresis were performed by methods that were described previously Isolation and purification of rRNAs. rRNAs were isolated and partially purified by using the procedure of Pace et al. (22) , as described by Paster and Dewhirst (23) .
16s rRNA sequencing. Nearly complete 16s rRNA sequences were determined by a Sanger dideoq chain termination technique in which seven primers complementary to universally conserved regions are elongated with reverse transcriptase (19) . The procedure was modified to reduce termination bands (23) .
Sequence analyses. RNA sequence, sequence alignment, secondary structure, similarity matrix, and phylogenetic trees were analyzed by a Microsoft Quick BASIC program, using an IBM PC-AT computer as previously described (23) . The data base contained RNA sequences from approximately 350 different bacterial species. These sequences were obtained from previously published articles, unpublished data that were provided by other scientists, and unpublished data from our own laboratory. Only those regions that could be unambiguously aligned were used to construct similarity matrices. The neighbor-joining method of Saitou and Nei (27) was used to construct phylogenetic trees.
Nucleotide sequence accession numbers. The sequences of the microorganisms which we investigated are available for electronic retrieval from GenBank under accession numbers LO4166 (for strain C), LO4168 (for P. anaerobius ATCC 27237T), LO4165 (for C. aminophilum 
RESULTS AND DISCUSSION
In this study, the phylogenetic positions of previously unidentified strains C, SR, and FT were determined because of their potential ecological importance in the bovine rumen. Unlike other ruminal bacteria, these organisms were unusual in that they were able to produce relatively high levels of ammonia from amino acids or peptides. We determined approximately 95% of the total sequences for strains C, SR, and FT and the type strain of P. anaerobius. A similarity matrix derived from 1,256 base comparisons of 16s rRNA sequences of these strains, reference gram-positive species, and Escherichia coli are shown in Table 1 . A dendrogram constructed from the similarity data is shown in Fig. 1 .
On the basis of the sequence data, strain SR and the reference strain of C. sticklandii were determined to be essentially identical, with 99.9% sequence similarity. The differences in bases may be attributed to strain variation or sequence error. According to Bergq's Manual of Systematic Bacteriology (9, the biochemical traits of C. sticklandii are in agreement with those observed for strain SR (8). Furthermore, strain SR was verified as C. sticklandii on the basis of its phenotypic reactions, its cellular fatty acid content, and the electrophoretic patterns of its cellular proteins (19b) . This is the first report of C. sticklandii being isolated from the bovine rumen.
The polyacrylamide gel electrophoresis protein pattern, the cellular fatty acids, and certain physiological characteristics of strain C differed from the characteristics of the type strain of P. anaerobius (strain ATCC 27237) (19a) , but strain C exhibited 99.6% sequence similarity to P. anaerobius. On the basis of the latter result, it is suggested that strain C should be classified as a strain of P. anaerobius, although DNA-DNA hybridization studies will be necessary to confirm this classification.
The organisms which we examined fell into two phylogenetic clusters (Fig. 1) . The first group contained strain FT, C. coccoides, C. aminovalericum, A. ruminis, and, more distantly, c. leptum. The average level of similarity between members of this group was 86.4%. The second group contained strain C, P. anaerobius, C. lituseburense, C. sticklandii (and strain SR), C. acidiurici, and C. barkeri. The average level of similarity between members of this group was 85.2%. The average level of similarity between members of the two groups was 81.7%.
On the basis of previously described phenotypic data, the taxonomic placement of strain FT could not be determined (6, 8, 21) . However, from the sequence data (Table 1 and Fig. l) , it is clear that strain FT warrants designation as a separate species in the genus Clostridium as it is presently defined. The closest relative of strain FT is C. coccoides (90.6% similarity) ( Table 1) . Strain FT is a gram-positive, anaerobic, rod-shaped organism that forms spores (albeit infrequently). Although the G+C content of the DNA is 52.5 mol%, which is considered high for most clostridia, there are a Numbers above the diagonal are uncorrected percentages of similarity. Numbers below the diagonal represent percentages of similarity corrected for multiple base changes by the method of Jukes and Cantor (18a) . some species of clostridia that have G+C contents as high as 55 mol% (6). Because strain FT grew more rapidly with free amino acids than with peptides, we propose the name Clostridiurn aminophilum .
In this and other studies, analyses of 16s rRNA sequences of clostridia and related bacteria have shown that many of these bacteria are only distantly related (4, 30, 32) . The genus Clostridium contains a highly diverse group of bacteria, and we agree with Cat0 and Stackebrandt (6) that the old description of these organisms as strictly anaerobic, sporeforming rods is clearly inadequate. The clostridia are markedly diverse with regard to morphology, G+C content of the DNA (ranging from 24 to 55 mol%), and metabolic activity (6). Some clostridia do not readily form spores (5). Since we believe that taxonomy should accurately reflect phylogenetic relationships, the taxonomy of the genus Clostridium should be reexamined.
Strains similar to C. aminophilum FT were easily recognized by the rather unusual cell morphology, and additional strains similar to the original isolate (8) were obtained from rumina. There was some variation in the growth rates of these organisms, but the patterns of amino acid fermentation were remarkably similar ( Table 2 ). The most notable variation in the strain FT-like isolates was variation in pyroglutamate fermentation. Strain FT converted pyroglutamate to acetate and butyrate, but more recent isolates had little capacity to degrade this amino acid. Description of Clostrkiium aminophilum sp. nov. Clostridium aminophilum (a.mi.no'phi.1um. chem. term amino, amino; G. adj. philos, loving; N.L. neut. adj. aminopilum, loving amino acids). Irregular gram-positive rods that are 1.0 p,m wide and 1.5 pm long. Cells are nonmotile and occasionally form central to subterminal endospores. Cells survive heating at 80°C for 10 min. Obligately anaerobic. Grows at 25 and 37 to 39"C, but not at 45°C. Asaccharolytic. Grows on amino acids or peptides. Prefers glutamine, glutamate, serine, and histidine as carbon sources. Some strains are able to deaminate pyroglutamate. The major fermentation end products from Casamino Acids are ammonia, acetate, and butyrate (traces of lactate and succinate are also found). The growth rates of the strains were as follows: strain FT, 0.37 h-l; strain F1,0.14 h-'; strain F3, 0.11 h-'; strain F7, 0.13 h-l; and strain F9, 0.23 h-'.
Hydrogen is not produced. Sodium is essential for growth. Tolerates pH 5.3. Indole and H,S are produced. Gelatin is not hydrolyzed. Casein is not digested. Urease, lipase, lecithinase, and esculinase activities are not detected. Isolated from fistulated cattle. Strain F (= ATCC 49906) is the type strain; its G + C content is 52.5 mol% (as determined by the thermal denaturation method).
